In chemistry, stereo-chemically active lone pairs are typically described as an important non-bonding effect, and large recent interest has centered on understanding the derived effect of lone pair expression on physical properties such as the thermal conductivity. To manipulate such properties, it is essential to understand the conditions that lead to lone pair expression and to provide a quantitative chemical description of their identity to allow comparison between systems. Here we first use density functional theory calculations to establish the presence of stereo-chemically active lone pairs on antimony in the archetypical chalcogenide MnSb2O4. The lone pairs are formed through a similar mechanism to those in binary post-transition metal compounds in an oxidation state of two less than their main group number (e.g. Pb(II) and Sb(III)), where the degree of orbital interaction (covalency) determines the expression of the lone pair. In MnSb2O4 the Sb lone pairs interact through a void Page 2 of 30 space in the crystal structure, and they minimize their mutual repulsion by introducing a deflection angle. This angle increases significantly with decreasing Sb-Sb distance introduced by simulating high pressure, thus showing the highly destabilizing nature of the lone pair interactions. Analysis of the chemical bonding in MnSb2O4 shows that it is dominated by polar covalent interactions with significant contributions both from charge accumulation in the bonding regions and from charge transfer. A database search of related ternary chalcogenide structures shows that for structures with a lone pair (SbX3 units) the degree of lone pair expression is largely determined by whether the antimony-chalcogen units are connected or not, suggesting a cooperative effect. Isolated SbX3 units have larger X-Sb-X bond angles, and therefore weaker lone pair expression than connected units. Since increased lone pair expression is equivalent to an increased orbital interaction (covalent bonding), which typically leads to increased heat conduction, this can explain the previously established correlation between larger bond angles and lower thermal conductivity. Thus, it appears that for these chalcogenides, lone pair expression and thermal conductivity may be related through the effects of atomic displacement on the electronic structure, rather than anharmonicity because of specific soft potential directions.
Introduction
Stereo-chemically active lone pairs are usually treated as text book examples of non-bonding effects and occur in post-transition metal compounds in which the post-transition metal is in an oxidation state of two lower than its main group number, such as Pb(II) and Sb(III). This means that the two outermost s-electrons are available to form a lone pair, leading, after a proper hybridization, to the possibility of an asymmetric coordination environment. These oxidation states are found in many technologically important materials, such as thermoelectric materials, 1, 2 multiferroics, 3 phase-change materials 4 and optoelectronics, 5, 6 but their structural chemistry is quite intriguing, since the ability to form a lone pair does not always lead to asymmetric coordination, e.g. in symmetric rock salt PbS and asymmetric litharge PbO. 7 Originally, and still in most textbooks, the stereo-chemically active lone pairs are described as an on-site sp-hybridization on the metal atom, which is the origin of its name as a chemically inactive, i.e. non-bonding, but stereo-chemically active, i.e. structure determining, effect. However, this does not properly explain the anion dependence on the tendency to form an asymmetric coordination environment.
In a series of articles, Walsh, Watson and co-workers introduced a revised model to account for this anion dependence based also on work by Waghmare and co-workers. [7] [8] [9] [10] They showed that the lone pairs are in fact not chemically inactive, but rather that the s-orbital on the metal atom hybridizes with the anion p-orbital to form a bonding and an anti-bonding state, followed by hybridization of the anti-bonding state with the metal pstates. The tendency to form a lone pair is therefore highly dependent on the energy difference between the metal valence states and the anion valence p-states. If this difference is large, the formation of the bonding orbital is less favorable, and thus the lone pair is not "expressed" and the higher symmetry structure is adopted. 8 Thus, the expression of a lone pair is highly dependent on covalent interactions between cation and anion.
With these trends established, we have a framework for understanding the structures of materials with the possibility of forming stereo-chemically active lone pairs. The relation to physical properties has been investigated for thermoelectric materials, where the presence of oxidation states, which are able to form stereochemically active lone pairs, was shown to lead to a decrease in lattice thermal conductivity in the Cu-Sb-Se ternary system, i.e. Sb 3+ systems have lower thermal conductivity than Sb 5+ systems. 11 Furthermore, an empirical correlation between bond angle and lattice thermal conductivity in As, Sb and Bi chalcogenides in oxidation state +III was established with larger bond angles generally leading to lower thermal conductivity. The ability to form the lone pair has also been used to describe the good electronic properties for thermoelectricity of rock salt lead and tin monochalcogenides compared with other rock salt materials. 12 However, the general relation to physical properties and the crystal structures beyond the asymmetric local coordination environment is still poorly understood. The structural point is illustrated by the large difference in crystal structures adopted by otherwise similar materials, where the local coordination environment is asymmetric, such as the localized molecular units in Sb2O3 and the infinite chains in Sb2S3.
Similarly, the bond angles around the stereo-chemically active lone pair can be very different for otherwise similar systems. 11, 13 An interesting chalcogenide material in which the local coordination environment is asymmetric is the isostructural group of ternary oxides MSb2O4, where M is a transition metal. The structure has been reported for M = Mn, Fe, Co, Ni and Zn crystallizing in the space group P42/mbc, isostructural to red lead, Pb3O4, which can formally be written as Pb(IV)Pb(II)2O4 to highlight the similarity between the groups. The crystal structure of MnSb2O4 is shown in Figure 1 along the cand a-axes. The structure consists of distorted MnO6 octahedra with two long (Mn-O1) and four short (Mn-O2) distances, and SbO3 units in a trigonal pyramidal coordination with two long (Sb-O1) and one short (Sb-O2) distances, leaving room for a presumed lone pair on antimony to occupy the fourth corner in a tetrahedron. 14, 15 The MSb2O4 group of compounds is relatively unexplored in the literature, but they have been studied for potential use in Li-ion batteries due to presence of channels of low electron density along the c-axis, and the magnetic structures have been studied and were shown to result in different orderings depending on the metal atom. [15] [16] [17] [18] Our present interest in this class of materials arises from the interesting structure, where the presumed position of the antimony lone pair based on the coordination environment suggests that two lone pairs point almost directly towards each other. Basic chemical intuition would suggest that this interaction should be highly unfavorable, and similar structural motifs are not, to our knowledge, adopted by other materials with stereochemically active lone pairs.
Here we investigate the interactions between the presumed stereo-chemically active lone pairs on antimony in MnSb2O4 through density functional theory (DFT) calculations based on both orbital and electron density related descriptors to gain further understanding of this intriguing structural motif. Furthermore, we simulate the high-pressure behavior of the material to force the lone pairs closer together and investigate the response of this external stimulus. Then, we report a characterization of all other bonding interactions in the material, and finally, we analyze a set of related structures in order to derive general features regarding the influence of stereo-chemically active lone pairs on crystal structures, and their relation to physical properties especially thermal conductivity. 
Computational details
Periodic ab initio DFT calculations on MnSb2O4 were performed in CRYSTAL14 using the POB-TZVP basis set. [19] [20] [21] This basis set uses a full-potential all-electron basis for Mn and O and a small-core effective core potential for Sb with 23 electrons in the valence corresponding to the 4s 2 4p 6 4d 10 5s 2 5p 3 electrons. The PBE0 hybrid functional was used and reciprocal space was sampled on an 8x8x8 grid in a Monkhorst-Pack net in the first Brillouin zone. 22, 23 The initial geometry and magnetic symmetry was set to the geometry from Roelsgaard et al., 15 and the antiferromagnetic configuration corresponding to the A-mode from Fjellvåg and Kjekshus. 16 This in principle results in lowering the space group symmetry to P4 � b2, which would require displacement of all atomic z-coordinates with ¼ to follow the standard settings of the space groups. However, in this case it was done by using the CRYSTAL14 keyword MODISYMM to remove (half of) the symmetry elements to still have the coordinates corresponding to the ones in the structural space group. A ferromagnetic configuration was also tried, but resulted in higher energy and similar bonding features.
First, the full geometry, i.e. cell and atomic coordinates, was optimized with the symmetry from the magnetic structure. The resulting atomic coordinates still followed the structural space group symmetry within the numerical error. Results of the optimization are given in Supporting Note 1 in the Supporting Information (SI). Here it is seen that the deviation of the optimized geometry from the experimental structure at 100 K is less than 0.5 % for cell parameters and less than 2 % for bond lengths. After this, a series of unit cell volumes from 10 % smaller to 4 % larger than the equilibrium volume in steps of 2 % were constructed and the cell parameters and atomic coordinates were relaxed at constant volume (CVOLOPT keyword). The energy-volume curve was fitted to a third-order Birch-Murnaghan equation-of-state to find the corresponding pressures.
The chemical bonding was analyzed in terms of projected density of states and valence electron density as implemented in CRYSTAL14, and topological analysis following Bader's Quantum Theory of Atoms in Molecules (QTAIM) 24 using TOPOND interfaced with CRYSTAL14. 25 
Results & Discussion

Density of states and valence electron density
To establish the presence of a stereo-chemically active lone pair on antimony, we first investigate the orbital projected density of states (DOS) and the valence electron density in the region of interest. The DOS ( Figure 2) can be divided into four distinct regions in accordance with previously established stereo-chemically active lone pairs in Sb2O3 and tin monochalcogenides. 9, 26 Region IV is special for this material compared with e.g. Sb2O3 due to the transition metal and consists mainly of manganese d-states and oxygen p-states. A similar feature is also seen in region III, but here we also observe a large degree of overlap between oxygen p-states and antimony sand p-states. Further below the Fermi level, we have region II, which consists mainly of oxygen p-states and antimony p-states, and region I, which consists mainly of antimony s-states and oxygen p-states. Regions I, II and III are qualitatively very similar to the ones in e.g. Sb2O3 with the complication of the presence of a transition metal here. 26 To further highlight the character of these regions, we can plot the valence electron density within these energy intervals. The most interesting regions regarding the stereo-chemically active lone pair are regions I and III, which are shown in Figure 3 . In Figures 3a and 3b , we see that region I consists of a bonding interaction between Sb and O, both to O1 and O2. However, we clearly observe that the electron density in this energy range is higher for the long Sb-O1 bond. This oxygen is bonded to two Sb and one Mn, which seems to affect the energy levels of its valence states. This indicates that the interaction between Sb and O1 is the dominating feature for the expression of the lone pair.
In region III (Figures 3c and 3d ), the lone pair on Sb and localized electron density on O are clearly observed.
This region is identified as the key for the stereo-chemically active lone pair, and this valence density is in very good correspondence with the density observed in e.g. SnO by Walsh and Watson, 9 which is one of the archetypical examples of stereo-chemically active lone pairs induced by the anion. Thus, it is safe to conclude that the present material has stereo-chemically active lone pairs on antimony following the established framework; however, with some complexity induced by the presence of the transition metal making e.g. the different oxygen atoms behave quite differently. 
Real space identification of the lone pairs
So far, we have considered the electronic structure from an orbital projected point of view. However, it is interesting also to analyze the lone pairs and the chemical bonding from the perspective of real space descriptors assessing e.g. the electron localization. A lone pair is characterized by a large degree of electron localization, and it is thus commonly identified using descriptors that assess the localization of electrons or concentration of the electron density. Two commonly used descriptors are, respectively, the electron localization function (ELF) [28] [29] [30] and the Laplacian of the electron density, ∇ 2 ( ). 31 In Figure 4a , the ELF is plotted in the (001) plane at z=½, i.e. at the plane containing the two antimony atoms pointing towards each other. The electrons are seen to be extremely localized at the expected lone pair region on antimony, and furthermore, we see a tendency of the lone pairs to avoid each other, as the maximum localizations are located at a significant angle away from the interatomic line. It is also interesting to note that not only the ELF maxima tend to avoid each other, but the lone pairs are themselves asymmetric. This leads to alignment of high and low electron localizations, which minimizes the unfavorable interactions between the lone pairs.
In Figure 4b , the lone pair is visualized using the Laplacian of the electron density. If plotting it in a 2D plane like the ELF, no obvious features are seen, so instead, we search for critical points in the charge concentration on antimony. Typically, one would perform the search in the outermost valence shell, but for heavy atoms, this is often buried within the charge depletions of the inner shells. 32 Therefore, we use the procedure outlined by Sist et al., 33 who showed that the lone pair character is not only present as a charge concentration in the outermost valence shell, but also in the shell below it. In Figure 4b , the four charge concentrations in the N-shell on Sb are shown, and they correspond well to an sp 3 -hybridization with three concentrations pointing towards neighboring oxygen atoms, and one charge concentration pointing in the direction where the lone pairs were also observed from the ELF. Also from the charge concentrations, a slight deviation from the interatomic line is observed. 
Pressure effects on the lone pair interaction
We have now shown that there is a destabilizing interaction due to lone pairs pointing towards each other, which is presumably decreased by introducing an angle between the lone pairs. To further investigate this feature, we simulated the effect of pressure on the structure by optimizing the structure at various constant volumes and extracting the pressure from the energy-volume relation. In Figure 5 , the unit cell parameters and bond lengths are shown as a function of pressure. It is seen that the a-axis contracts more upon increased pressure, which makes sense since the channels of low electron density run along the c-axis, meaning that there is a void space for the structure to relax into in the ab-plane. Interestingly, we see that the bond lengths change significantly with pressure, where the originally short Mn-O2 bond stays practically constant with pressure, whereas the Mn-O1 bond length decreases significantly with pressure. Eventually, the order of the bond lengths switches at a very moderate pressure of between 1 and 2 GPa. This is a consequence of the Mn-O1 bond lying in the ab-plane, which contracts the most. Here it should be noted that the difference between the Mn-O1 and Mn-O2 bond lengths at zero pressure is smaller in our optimization than from experiment at 100 K, so experimentally the switch may not occur until at a higher pressure (see Table S1 in the SI). For the Sb-O bonds, the changes are less significant, but interestingly enough the short Sb-O2 bond, which lies in the ab-plane actually increases slightly as a function of pressure, whereas the longer Sb-O1 bond decreases slightly. One should note that it is assumed that no phase transition occur, which has been observed to occur for the iron analogue, FeSb2O4, at around 4 GPa. 34 The optimized geometry used in the previous section is seen to be at slightly low negative pressure from a Birch-Murnaghan third order fit to energy-volume curve.
In Figure 6a , the effect of pressure on the lone pair deflection is shown. It is clearly seen that with decreasing distance between Sb atoms, resulting from the high pressure, the angle between the interatomic vector and the lone pair vector increases. The enhanced angle with increasing pressure (and shorter Sb-Sb distance) is also qualitatively visualized in Figures 6b and 6c , where the ELF is seen at a volume reduced by 6 % and 10 %, respectively, to be compared with the ELF for the optimized volume shown in Figure 4a . This deflection is a clear effect of the repulsion between lone pairs, which use the flexibility of the structure to reduce the repulsion as much as possible. 
Topological analysis of the electron density
Having analyzed the interactions between the lone pairs on antimony, we now report the general bonding scheme in the material. Since the electron density distribution is a quantum mechanical observable, it is useful to analyze the chemical bonding (almost) purely based on this, which is the foundation of Bader's QTAIM. 24 Here we define the topological atom based on partitioning of the electron density using the zero flux surface, and we define a bonding interaction based on the (3,-1) critical points, i.e. points where the density is minimum along one direction (parallel to the bond) and maximum along two directions (perpendicular to the bond). Based on the properties at the bond critical point (BCP), we can obtain valuable information about chemical bonding based on well-established relations that can often be related to structural and physical properties. 31, 35 In Table 1 , all BCPs are shown. BCPs are found at all four unique bonds drawn in Figure 1 , i.e. two unique Mn-O and two unique Sb-O bonds. In addition, BCPs are found between Sb and O2 at larger distance and between the two Sb atoms "through" the lone pair. All bonds have quite low density and positive Laplacian, which is, however, not surprising since the BCPs lie in a region of charge depletion on the heavy atoms and at a distance from the nuclei where the charge distribution of the corresponding isolated atoms is also depleted. 32 Looking at the energy densities, we see that all four short bonds have negative total energy densities, and generally the shorter the bond, the larger the electron density and the more negative the total energy density. Furthermore, the kinetic energy per electron, ( ) ( ) ⁄ , is slightly above one. All these characteristics are common for polar covalent bonds and donor acceptor bonds. The integrated atomic charges in Table 2 show that large ionic contributions are present in all interactions, since charges are found to be +1.53 and +1.89 on Mn and Sb, respectively. These charges are quite large, showing the large ionic degree of the bonding, although significantly smaller than those corresponding to their formal oxidation states.
In Figure 7 , the deformation density and negative Laplacian of the electron density are shown for selected planes. Here, we observe that there is some charge accumulation in all four types of short bonds. It is especially
interesting to note that manganese shows positive deformation density towards oxygen, which clearly highlights the covalent contribution to this bond. In the Sb-O bonds, the deformation density is less pronounced and both positive and negative deformation density is observed along the bond path. This is in very good agreement with the observation from both theory and experiment in Sb2O3. 36 Combined with the fact that charge concentrations on antimony point towards oxygen, this shows that there is some degree of covalency in this bonding, meaning that the Sb-O bonds are of polar covalent type. This is important for reconciling the orbital based view with our analysis of the electron density, since the theory of stereo-chemically active lone pairs requires significant orbital overlap, meaning that there must be a partial covalent character to the bond.
The two extra BCPs found are between atoms at much longer distance, the density is much lower and the total energy density is practically zero. This shows that they are largely present due to the geometry dictated by the stronger interactions, rather than being important structure determining features on their own. Especially the Sb-Sb BCP is clearly not a stabilizing interaction, since we have shown that the charge concentrations try to avoid each other to lower the repulsion between adjacent lone pairs, rather than directing them towards each other as seen in typical covalent bonds. Table 1 . Bond critical points and properties evaluated at these points. R is distance between the atoms, d1 and d2 are the distances from the BCP to the first and second atom, respectively, ( ) and Hartree e -1 . The Sb-O2 bond marked by a star is not shown in the structural figures, as it is significantly longer than the typical bond length. 
Implications for other materials with stereo-chemically active lone pairs
The clear repulsion between stereo-chemically active lone pairs, which we have demonstrated here, might have important implications for our understanding of crystal structures with expressed stereo-chemically active lone pairs. In almost all other structures, an important structural motif is that lone pairs point into areas where no other lone pairs are present such as in the litharge structure adopted by SnO and PbO, and the GeS structure adopted by GeS, GeSe, SnS and SnSe. Even in a structure like cubic Sb2O3 (senarmonite), where the lone pair region point towards other Sb atoms, they arrange in a tetrahedron to avoid having charge concentrations pointing directly towards each other. 8 In the present structure, the lone pairs are forced into the same region in pairs, but tend to decrease this unfavorable interaction by introducing a deflection angle. Furthermore, the lone pairs only interact strongly between pairs of atoms, but each of these atomic pairs tend to occupy mutually exclusive regions of space to decrease interactions with other atomic pairs, similarly to the individual behavior in the other mentioned structures.
As mentioned earlier, there are indications that the one unique oxygen atom bonded to two antimony, was much more involved in the lone pair formation than other one, which is only bonded to one Sb atom. This suggests that there could be a cooperative effect involved in the lone pair expression. Skoug and Morelli showed an empirical correlation between bond angles and lattice thermal conductivity in chalcogenides of As, Sb and Bi.
In this case, bond angles were used as a measure for the degree of lone pair expression according to valence shell electron pair repulsion (VSEPR) theory, since a more strongly expressed lone pair closer to the nuclei will give rise to smaller bond angles. 11 In their example case of the Cu-Sb-Se system, the main structural difference between the two materials CuSbSe2 and Cu3SbSe3, where the lone pair is more strongly expressed in the former, is that the SbSe3 units are connected in CuSbSe2, but isolated in Cu3SbSe3. These two observations motivated us to perform a database search in the Inorganic Crystal Structure Database (ICSD) 37 in order to understand, if it is a general trend that isolated units tend to have larger bond angles arising from weaker lone pair expression, and therefore possibly also lower lattice thermal conductivity. The search included all MSb(III)X structures (with M being an alkali metal, an alkaline-earth metal or a transition metal, and X being O, S or Se) from the ICSD, where the coordination number of antimony is three. Structures with partial occupancies (i.e. disorder) and structures,
where the atomic coordinates were not refined, were excluded. The structures were sorted based on whether the SbX3 were isolated or connected. In order to make this distinction, an operational definition of a bond, which only depends on the geometry, must be used. We tried a criterion based on covalent radii, but to include a reasonable number of bonds, an arbitrary increase of the sum of covalent radii must be used. Instead, we chose to use a criterion based on bond valence parameters, = exp[( 0 − )⁄ ], where = 0.37 is a universal constant, 0 is the tabulated bond valence parameter, is the bond length and is the corresponding bond valence. 38, 39 It was suggested by Altermatt and Brown that values larger than 0.6 for the bond valence correspond to a covalent bond, and that values larger than 0.038 times the oxidation state of the cation correspond to a bond to be included in the calculation of the effective valence. 40 However, these two numbers are too strict and too loose, respectively, in the present case for a reasonable number of bonds to be included, so we chose a bond valence value of 0.3 to be the minimum value for a bond to be included in the analysis. This correspond to maximum distances of 2.42 Å, 2.90 Å and 3.02 Å for bonds between Sb and O, S and Se, respectively. Changing the parameters slightly makes a small difference in the final histogram, but does not affect conclusions. Figure 8 shows that, despite a significant degree of overlap between the two groups, there is a clear tendency for isolated SbX3 units to have larger bond angles than the connected ones. According to VSEPR theory, this means that the lone pair is further away from the nuclei in the isolated cases, or put differently that the lone pair is less expressed. The present results, therefore, suggest that there is a cooperative effect involved in the stronger expression of the lone pair, meaning that the ability of the chalcogen to be involved in lone pair formation becomes stronger, when it is influenced by more than one Sb atom. Since the bond angles, and thus lone pair expression, is strongly correlated with lattice thermal conductivity, this gives an interesting handle for designing new low thermal conductivity structures with applications as thermoelectric materials.
As discussed above, lone pair expression arises from an orbital interaction, i.e. a covalent chemical interaction, so the larger degree of lone pair expression should correspond to a more covalent interaction. Zhang et al. 41 showed that heat basically conducts along covalent bonds in layered systems through a strong correlation between the electron density at the bond critical points and the thermal conductivity. Thus, weaker orbital interaction should lead to lowering of the thermal conductivity. Therefore, an explanation for the lower lattice thermal conductivity in systems with larger bond angles shown by Skoug and Morelli may arise from weaker covalent interactions in these systems, which originates in whether the units are connected or isolated. Indeed, Skoug and Morelli showed that Cu3SbSe3 with isolated SbX3 units has lower thermal conductivity than CuSbSe2, which has connected units. Table S2 in the SI for a list of structures and ICSD codes.
Previously, the differences in bond angles have been interpreted as differences in effective atomic valence of the Sb atom. 13 Here a perfect tetrahedron with four neighbors (bond angles of 109.5°) corresponds to an oxidation state of +V and a complete transfer of the 5s lone pair to a bonding interaction with an anion, whereas an oxidation state of +III in a three-fold coordination corresponds to a completely localized lone pair and thus a small bond angle. Intermediate cases then correspond to a progressive change in effective oxidation state and a less localized lone pair, which results in a larger bond angle. This was based on the fact that shorter bond lengths, and thus formally a larger effective valence, were observed for larger bond angles. Alternatively, one can imagine the limit of a flat coordination with 120° angles corresponding to an sp 2 -hybridized Sb with a lone pair in the remaining p-orbital. Progressive changes towards small bond angles correspond to more s-character in the lone pair, and correspondingly more p-character in the Sb-X bonds, which leads to longer bonds, similar to the increase in the C-H bond lengths with increasing p-character in going from acetylene (sp) through ethylene (sp 2 )
to ethane (sp 3 ), 42 and in agreement with previous observations. 13 Interestingly, it is the smaller bond angles corresponding to the longer bonds that give rise to the largest thermal conductivity. Also in the case of MnSb2O4, it is in fact the longer Sb-O bond that has the largest degree of covalency determined from the valence electron densities and is more involved in lone pair formation. The present group of materials is thus a counterexample to the otherwise established correlation between shorter bond lengths and higher thermal conductivity, which is present over a very wide range of bond lengths and thermal conductivities, but with several groups of similar systems not following the trend. 12 Thus, it seems to be the covalency of an interaction, rather than the bond length itself, which is important for the thermal conductivity.
The lattice thermal conductivity of a material is determined from several contributions, which can be divided into two groups, those arising from the phonon dispersion itself, e.g. phonon group velocity, and those arising from scattering of phonons, e.g. phonon-phonon scattering from anharmonicity and impurity scattering.
Lone pair expression is often discussed in terms of the presence of asymmetric coordination, and the repulsion between the lone pair and valence electrons on neighboring atoms, which is thought to lead to an anharmonic vibration potential, and therefore a decreased thermal conductivity through phonon-phonon scattering. 11, 43 With the present observations of increased covalency for connected units and correspondence between lone pair expression and covalency, we instead suggest that the lone pair expression and thermal conductivity are mainly related through the effect of vibrations on the electronic structure. In the case of a strongly expressed lone pair and therefore significant covalent interactions, small displacements of the atoms should lead to large changes in total electronic energy, giving large phonon velocities, but only small differences in the spatial structure of the orbitals. For weakly expressed lone pairs, the effect on the total energy should be smaller, giving low phonon velocities, but may give rise to changes in the spatial structure of the orbitals. In this way, a more strongly expressed lone pair and higher degree of covalency can be thought of as corresponding to a more rigid electronic structure. This is most easily understood for cases with coordination number six in perfect octahedral symmetry such as the lead chalcogenides, where the lone pair is not expressed in the average structure, but will be weakly expressed in different spatial regions depending on the direction of vibration, corresponding to a large coupling between atomic displacement and electronic structure. This leads to dynamic local distortions in this type of materials. 44 Similarly, it was recently shown that increased lone pair expression along the Peierls distortion in GeTe is associated with more covalent bonding and a more rigid electronic structure evidenced by a decrease in response properties such as the Born effective charge. 45 The effect of atomic displacement on the electronic structure may give rise to anharmonic vibrations, e.g.
in thermoelectric SnSe where a specific anharmonic mode revealed from inelastic neutron scattering was shown to highly perturb the electronic structure in the regions of interest for the lone pair. 46 However, this is not necessarily the case, and it is important to acknowledge that also the degree of covalency in the system will be important in determining its lattice thermal conductivity. It is clearly of interest to further probe relations between the extent of lone pair expression, thermal conductivity, structural disorder and anharmonic thermal motion.
Conclusions
In conclusion, we have shown that MnSb2O4 has all the characteristics of a material with Sb(III) stereo-chemically active lone pairs. We observe significant contribution of antimony 5s and 5p states close to the Fermi level, and from the valence density, this is attributed to an antibonding configuration expressed as a stereo-chemically active lone pair. From real space descriptors such as the ELF and the Laplacian of the electron density, we found the positions of the antimony lone pairs, which were shown to avoid each other inducing an angle between the lone pair and the interatomic line. This deflection was shown to increase with decreasing distance between antimony atoms by simulating the effect of pressure on the material. The chemical bonding in the material was shown to be polar covalent for both antimony-oxygen and manganese-oxygen interactions with large charge transfer contribution, but also significant charge accumulation in the bonding directions. The covalent degree is important for our understanding of the lone pair formation, as the current theory requires a significant degree of orbital overlap. Analysis of the valence electron density suggested that the oxygen atom bonded to two Sb atoms was more involved in lone pair formation than the one bonded to only one Sb atom. This inspired a database search for structures with isolated and connected SbX3 units (where X is a chalcogen), and showed that larger bond angles are generally found for isolated units. These observations suggest a degree of cooperative effect in the lone pair expression. Since heat conduction is normally largest along covalent bond directions, a stronger lone pair expression should lead to a higher thermal conductivity, as is indeed the case for SbX3
structures. This disagrees with suggestions that strong lone pair expression should lead to a lowering of the thermal conductivity through phonon-phonon scattering caused by anharmonic thermal motion due to specific soft potential directions. Rather, it appears that for these chalcogenides, lone pair expression and thermal conductivity may be related through the effects of atomic displacement on the electronic structure. 
Supporting information for Expression and interactions of stereo-chemically active lone pairs and their relation to structural distortions and thermal conductivity
Supporting Note 1: Geometry optimization
The full geometry, i.e. unit cell and fractional coordinates, were optimized starting from the structure from Roelsgaard et al. 1 according to the information given in the manuscript. In Table S1 , a comparison of the optimized structure with the 100 K experimental structure is given. 
